Painting blood vessels and atherosclerotic plaques with an adhesive drug depot The treatment of diseased vasculature remains challenging, in part because of the difficulty in implanting drug-eluting devices without subjecting vessels to damaging mechanical forces. Implanting materials using adhesive forces could overcome this challenge, but materials have previously not been shown to durably adhere to intact endothelium under blood flow. Marine mussels secrete strong underwater adhesives that have been mimicked in synthetic systems. Here we develop a drug-eluting bioadhesive gel that can be locally and durably glued onto the inside surface of blood vessels. In a mouse model of atherosclerosis, inflamed plaques treated with steroid-eluting adhesive gels had reduced macrophage content and developed protective fibrous caps covering the plaque core. Treatment also lowered plasma cytokine levels and biomarkers of inflammation in the plaque. The drugeluting devices developed here provide a general strategy for implanting therapeutics in the vasculature using adhesive forces and could potentially be used to stabilize rupture-prone plaques.
biomaterials | catechol | delivery | endoluminal paving D iseases of the vasculature are numerous and can be deadly. Local delivery of drugs is an important challenge in experimental biology and medicine for understanding and controlling diseases of the vasculature, such as atherosclerosis, ischemia, inflammation, edema, oxidative stress, thrombosis, hemorrhage, metabolic and oncological diseases, and others (1) . One prominent example involves the rupture of the endothelium or endothelialized fibrous cap on atherosclerotic plaques, a trigger of heart attacks and strokes (2) . Although many technologies are being developed to identify plaques at risk of rupturing (3) (4) (5) (6) , effective local treatments for these vulnerable plaques do not currently exist (7, 8) . Substantial effort has been devoted to creating devices that locally deliver therapeutics to diseased vasculature (7, (9) (10) (11) . The ideal device would shield the diseased vasculature from the bulk blood stream and stabilize the diseased tissue without causing substantial damage to it, but this has not yet been achieved (12, 13) . Drug-eluting stents are an example of devices used for local delivery. Drug-eluting materials are incorporated into or onto stiff expandable struts that apply a strong mechanical force against the blood vessel wall to remain in place. The stents that are used clinically are valuable for rapidly widening vessels with large plaques to increase blood flow, but their primary function in the clinic is not to preventively stabilize and heal plaques that are at risk of rupture. In fact, stents are known to cause substantial tissue injury when they are deployed, which over time can lead to impaired reendothelialization, restenosis, and thrombosis, and these challenges will need to be overcome if stents are considered as a preventive therapy for plaque rupture (12) (13) (14) (15) (16) . Locally depositing therapeutics in blood vessels via catheters is a promising approach for local delivery but is limited in some applications by the rapid removal of the agents due to blood flow (7). Endoluminal paving, another local therapy, is a catheter-based technique that deposits a thin layer of degradable hydrogels temporarily on the inside of blood vessels (11, (17) (18) (19) (20) . This technique has been intensively explored for almost 20 y, and many methods have been developed, including interfacial photo-polymerization. Although it reduced restenosis following balloon angioplasty in animals, it has not been used to treat inflamed atherosclerotic plaques (17) . Endoluminal paving holds substantial promise for clinical applications, but durable adherence has thus far been limited to vasculature mechanically denuded of its endothelium using balloon angioplasty (20) . The development of a coating that could be directly applied on the vasculature, remains chronically adhered, induces minimal hyperplasia, and stabilizes the diseased area would overcome a major barrier to local delivery of drugs to inflamed plaques and other regions of the vasculature.
This paper describes the development of an adhesive hydrogel capable of durably attaching to the inside of blood vessels and over atherosclerotic plaques, with spatial resolution on the scale of millimeters. The adhesion of the gel emerges from catechol moieties in the gel. This gel mimics aspects of the adhesion of marine mussels, which adhere to a variety of surfaces in the ocean. Mussels secrete adhesive proteins from their feet that contain 3,4-dihydroxy-L-phenylalanine (DOPA), an amino acid-containing catechol (21, 22) . This biomimetic chemistry has been used in synthetic systems and gels for a variety of adhesive applications (23) (24) (25) (26) . We hypothesized that by mimicking the mussel's underwater adhesion, materials could be designed that adhere to blood vessels under blood flow. The motivation to test this hypothesis was that the material and technique would be useful for studying and promoting healing of diseased vasculature in general, and atherosclerotic plaques in particular, due to the ability to deliver the material locally and release therapeutics on a controllable time scale. Additionally, an appropriate material may promote characteristics of plaque healing by remodeling and strengthening the fibrous cap on atherosclerotic plaques. A thrombus-induced acute event such as myocardial infarction or stroke occurs when the endothelium or fibrous cap on a plaque erodes, allowing blood to contact nonendothelial thrombogenic tissue of the plaque core and coagulate (2) . Properties of so-called vulnerable plaques at risk of rupture include a thin cap of fibrous tissue and cells, high content of inflammatory cells, metalloproteinases, cholesterol and tissue factor, and decreased extracellular matrices (2, 27) . Both strengthening the fibrous cap that covers the inflamed core and mechanically shielding the lesion have been proposed as ways to stabilize plaques and prevent them from rupturing (16) .
Results and Discussion
Catechol-Based Gel Adheres to Vascular Cells and Tissue Under Physiological Shear Stress. The adhesive gel was synthesized based on alginate, a polysaccharide that forms a biostable and generally biocompatible hydrogel (28) , and catechol, which provides sites for cross-linking and adhesive properties (Fig. 1A) . The mechanism by which catechols adhere to cellular surfaces is a combination of hydrogen bonding through phenolic protons and covalent bonding through the reaction of nucleophiles on the surface of cells and matrices with the unstable quinone group formed by oxidation of catechols (23) . The gel covalently cross-linked in 10-20 min following the addition of periodate, an oxidant that has been used to cross-link catechol-containing hydrogels in vivo for long-term implantation of islets (25) . The shear strength of the gel adhesion to endothelial cells was determined to predict whether the gel would be able to withstand the shear forces present inside blood vessels under flow. This shear strength was measured both in a microfluidic device that mimicked aspects of the vasculature ( Fig. 1 B-E) and in a lap-shear tensile strain test (Fig. 1F) . A microfluidic device was used as a simplified model of the vasculature due to the ease of controlling channel size, flow, and shear stress, and as a tool to develop a catheter-based approach for delivering the gel. The gel adhered to endothelial cells growing on the walls of the microfluidic channel when deposited locally in a 1-to 3-mm-long region of the device via a catheter. The adhesive shear strength of the gel was 12 Pa, a shear stress several times higher than that generated by physiological blood flow (29) . In a lap-shear tensile strain test, the gel was applied to the inside of a bovine carotid artery that had been excised for 3 d and had denuded endothelium. The shear strength of the gel to the artery was 2 ± 1.3 kPa, which is two to three orders of magnitude higher than physiological shear stress. Moderate concentrations of the gel did not cause significant toxicity to cultured cells in vitro. The gel and the oxidative cross-linking process did not cause measurable toxicity in vivo, assessed in several types of assays (Figs. S1-S3). These assays included measuring the body mass of mice following i.p. injections, assessing inflammation surrounding s.c.-injected deposits, and measuring liver enzymes and cytokines in serum and analyzing histology of organs following intravascular deposition. Degradation of the gel was not observed within 28 d in vitro and in vivo, which is consistent with alginate gels that are irreversibly cross-linked. Alginate that is reversibly cross-linked with a solution containing Ca 2+ is typically stable for weeks or longer in a cellular environment, and stronger cross-linking, such as with Ba
2+
, is known to stabilize gels further (30, 31) .
Adhesive Gel Can Be Locally and Durably Implanted Inside Arteries.
Using the techniques developed in microfluidic devices, the adhesive gel was coated locally onto the carotid arteries of WT mice ( Fig. 2 A and B) . The carotid artery was temporarily ligated to stop blood flow, a catheter containing a solution of alginatecatechol and fluorescent particles was inserted through an incision in the artery and positioned away from the incision, and 0.3-0.6 μL of the solution was applied through the catheter to place the viscous solution in contact with the vessel wall (see SI Text and Fig. S4 for further description of the catheter system). Deposition and cross-linking of alginate-catechol was monitored by imaging fluorescent particles immersed in the gel using intravital fluorescence microscopy. The gel cross-linked via oxidation of the catechol moieties, and then the catheter was removed, leaving a film of gel 10-100 μm thick adhered to the vessel wall. The incision in the artery was closed, the ligations were removed, and blood flow resumed. Intravital microscopy was used to monitor the deployment of the gel. Several different Schematic of a microfluidic system used to compare the adhesion of alginate and alginate-catechol gels. Alginate (unmodified) was cross-linked with a solution containing Ca 2+ and used as a control due to its low adhesive strength. (C) Schematic of the gel (green) being deposited on endothelial cells (blue) grown inside the device. A catheter was temporarily inserted into the device to deliver the gel to the annular region between the catheter and cells while the flow of media was stopped. (D) Fluorescence images of the gels containing fluorescent particles (green and purple) coated on endothelial cells in microfluidic channels (dashed lines). The unmodified alginate does not remain adhered at physiological shear stress, whereas the alginate-catechol remains adhered above physiological shear stress. (E) Graph quantifying the percent of gel that remained covered on the microfluidic channels at various shear stresses. (F) Quantifying the shear strength of the gels using a lap-shear tensile strain test.
types of arteries were successfully coated, including the common carotid, the bifurcation of the carotid, the external carotid artery, and the abdominal aorta. Various lengths along blood vessels could also be coated, from 10 μm to several millimeters (Fig. S4) . The gel had remarkable adherence to the blood vessel wall. When mice were imaged 5 d after treatment, the gel maintained its coverage on the wall and its overall shape, indicating that the gel did not break or detach in that time (Fig. 2C) . The amount of gel in the vessels did not significantly decrease within 5 or 30 d (P > 0.7; n = 10; Fig. 2D ). The thickness of the gel was 53 ± 24 μm in three mice at day 5 and 88 ± 50 μm in three other mice at day 30 after gel application. All WT mice survived in this experiment, and the vessels coated with the gel were not occluded by the gel or clotted blood, as evidenced by blood flow through the vessel on intravital microscopy, further supporting the notion that the gel coating is stable. The absence of neurological deficits indicated that no major strokes occurred. The gel was still present in vessels 4 mo after treatment in the two mice that were tested at that time (Fig. S4 ). These results demonstrate that an adhesive coating can have longterm durability in vivo under blood flow. To investigate the biological response to the gel, we analyzed sections of the vessel by histology in three mice at day 5 and three other mice at day 30. The gel elicited the growth of new endothelial cells and smooth muscle cells within 30 d in all coated arteries (Fig. 2 E-H) . The layer of smooth muscle cells was 10 ± 1 μm thick at day 5 and present in the tunica media, similar to untreated mice. The layer of smooth muscle cells increased to 74 ± 24 μm at day 30 after application. This increased growth was not seen in regions without gel. An acute, low-level inflammatory response, typical of implanted biomaterials, was seen at day 5, which was likely the stimulus for the growth of the fibrous layer of smooth muscle cells on both sides of the gel (Figs. S1 and S5 ). Macrophages were not observed in the vessel near the gel at 30 d, indicating that the gel did not elicit a prolonged chronic inflammatory response (Fig. 2I) . The gel thickened the tissue on the inner surface of the blood vessel and shielded the vessel surface that was previously in contact with the bulk blood stream. Controlled growth of an endothelialized fibrous cap is likely a major advantage for this technology, which focuses, in part, on remodeling the tissue and isolating the thrombogenic plaque core from clotting factors in the plasma. Severe luminal narrowing and stenosis was not observed. The deposition process itself did not cause substantial damage at the site of gel application. Four days after treatment, the elastin and smooth muscle cells in the vessel wall were viable, no thrombosis was observed, and there were cells expressing CD31, a marker of endothelial cells on the gel and underneath the gel (Figs. S5 and S6 ).
Small Molecules Can Be Locally Delivered into Vasculature. We hypothesized that additional benefit could be derived from the local delivery of anti-inflammatory agents. We developed a gel formulation capable of releasing a corticosteroid over the course of days. In vitro, >50% of the steroid, dexamethasone 21-phosphate disodium salt (dexamethasone), was released within a day, and the entire amount of steroid was released within 5 d (Fig. 3A) . This fast release would be useful for delivering a local burst of therapeutics, but in some cases a more sustained release would be desired. To slow the release of small molecules, we incorporated them into degradable microparticles (9, 10). When a small-molecule fluorescent dye, 4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diazas-Indacene (BODIPY), was incorporated into degradable poly (lactic-coglycolic acid) particles and blended into the gel, only 50% of dye was released after 5 d (Fig. 3B) . These degradable particles could be affixed to the inside of blood vessels using the adhesive gel (Fig. 3C) . The small-molecule fluorescent dye was taken up into the vessel wall from the gel and microparticles within 5 d (Fig. 3D) . This technique was used to deliver small-molecule therapeutics to the bifurcation of the internal and external carotid arteries, which in our mouse model measured ∼1 mm in diameter.
Painted Atherosclerotic Plaques Have Reduced Inflammation and Thicker
Fibrous Caps. To test whether this vascular paint could be used to treat diseased areas of the vasculature, we tested whether the adhesive gel could be coated onto atherosclerotic plaques. A mouse model of atherosclerosis was used [hypercholesterolemic 
apolipoprotein E-deficient (apoE −/−
) mice] (32), rather than a pig or rabbit model, to take advantage of in vivo molecular imaging tools developed for mice (4, 7, 32, 33) . There is no widely accepted animal model for human vulnerable plaques, but histological analysis of plaque morphology can provide valuable insights into the inflammatory activity of a plaque (2, 33) . Both in vivo intravital microscopy and histological analysis of excised vessels confirmed that the gel could be selectively delivered to cover inflamed plaques (Fig. 4) . Initial experiments treating plaques with the gel alone, without steroid, did not show significant decreases in the number of macrophages compared with untreated mice (Fig. S7) . To further test whether this technique could be used to reduce inflammation in the plaque, plaques at the bifurcations of the carotid arteries were treated with the gel containing dexamethasone (Fig. 5) . We tested dexamethasone because it is a well-characterized anti-inflammatory agent, but other drugs may be more suitable for pacifying inflamed plaques (12) . Histological sections of treated vessels were compared with contralateral untreated carotid arteries from the same mice (Fig.  5 A-K) . All treated plaques had a fibrous cap containing smooth muscle cells, with a mean thickness of 23 ± 4.5 μm. In untreated plaques, the mean thickness of the layer of smooth muscle cells was 6 ± 1.2 μm, three times less than the treated plaques (P < 0.001), and only 12 of 22 untreated plaques had smooth muscle cells covering them (Fig. 5A) . In an additional control experiment using the same catheter-based delivery method but without deployment of the gel, only three of five plaques had smooth muscle cell growth (mean of 6 ± 2.9 μm, P < 0.01 compared with gel treated). This indicates that the gel treatment was able to thicken the fibrous cap covering the plaque core. Histological sections were also analyzed to determine the amount of staining for CD11b, a marker of inflammatory cells, particularly macrophages. The average CD11b (macrophage) content of the treated plaques was ∼25% reduced compared with untreated plaques in the contralateral carotid (P = 0.01; Fig. 5B ), indicating that the treatment locally reduced inflammation. The treatment did not induce higher-grade stenosis (P = 0.7) measured as the total area of tunica intima, including the plaque, fibrous cap, and hydrogel (Fig. 5C ). The endothelium in the treated region was viable in 10 sections from 10 mice (Fig. 5 F and J) . Staining for vascular adhesion molecule 1 (VCAM-1), an adhesion molecule that recruits leukocytes, showed the activated endothelium that lined untreated plaques robustly expressed VCAM-1, whereas treated plaques expressed much less VCAM-1 (Fig. 5 G and K) . In a separate cohort of mice, plaque mRNA levels of NF-κB and matrix metallopeptidase-9 (MMP-9) were lower in treated mice compared with mice that received saline, measured using qPCR (Fig. 5L) . Furthermore, the gel treatment reduced serum cytokines, measured using an immunoassay with multianalyte profiling (Fig. 5M) . Reduced levels of these biomarkers further indicate that the treatment attenuated inflammation.
Conclusion
The developed synthetic materials were directly coated inside blood vessels with high spatial control, remained adherent for over a month, and reduced inflammation in atherosclerotic plaques. The synthetic materials used here were inspired by the underwater adhesives of marine mussels (21, 22) , and by mimicking their functional chemistry (23) (24) (25) (26) , adhesion under blood flow was achieved. These results show that materials can be durably implanted into the vasculature for long periods of time with adhesive forces and provide an alternative to using mechanical forces for intravascular implants. Testing in large animals, such as pigs, by delivering materials that reduce inflammation and increase the thickness of the fibrous cap is an important next step and necessary before this material is advanced toward clinical applications (27, 33) . Microporous balloon or double-balloon catheters, which are already used clinically for local delivery of solutions, may facilitate consistent gel deployment in larger-sized vessels. Catheters compatible with a double barrel injection system would likely reduce the time necessary to deliver the adhesive and may be required for delivery to coronary arteries. Here we used biostable hydrogels to conclusively test whether the gel would remain adhered to the vessel. Degradation of alginate occurs more rapidly when it is oxidized, and the rate of degradation of alginate-catechol at atherosclerotic plaques over months to years will need to be determined in the future (34) . For other applications, rapidly degradable adhesive gels may be desired. We found that a degradable adhesive gel, hyaluronan-catechol (26), could be coated on blood vessels and degraded on the time scale of days (Fig. S8) .
The developed materials provide a tool to deliver therapeutics to any area of the vasculature that is accessible by a catheter. We foresee numerous applications for this technology, from healing damaged vessels to deploying intravascular glues. Potential applications include treating the injury caused by balloon angioplasty or stent implantation, strengthening the vessel walls of aneurisms, and delivering anticancer drugs to vessels feeding tumors. Future work will need to explore the type of therapeutics that can be delivered, including small molecules, proteins, nucleic acids, and stem cells.
Materials and Methods
See SI Materials and Methods for detailed materials and methods.
Synthesis and Gelation of Adhesive Hydrogels. Alginate-catechol was synthesized by coupling alginate to dopamine hydrochloride (see SI Materials and Methods for details). To form the gel, alginate-catechol was dissolved in PBS (5% wt/vol) and mixed 3:1 with the gelation solution. The gelation solution was prepared fresh by combining sodium periodate (NaIO 4 , 8.33 mg/mL in PBS) with a solution of NaOH (0.4 M in H 2 O) in a 10:1 ratio. The solution turned light brown and gelled in 10-20 min. Unmodified alginate (no catechol) did not gel under these conditions but was gelled by adding a solution of CaCl 2 (200 mM in H 2 O) in a ratio of 3:1. In specified experiments, near-infrared fluorescent particles (100-200 nm) were added to the gelation solution (0.3% solids). In experiments where other agents were incorporated into the gel, these agents were added 1 min after the alginate-catechol solution and NaIO 4 gelation solution were mixed. When degradable poly lactic-coglycolic acid) (PLGA) particles were incorporated into the gel, a solution of particles (10 mg in 100 μL PBS) was added in a ratio of 1:10. In experiments treating atherosclerotic plaques with steroid, dexamethasone 21-phosphate was added (5 μg/μL), but degradable or fluorescent micro/nanoparticles were not. additional cytokines that were not significantly different. *P < 0.05, **P < 0.001 vs. untreated plaques or control mice. Data are displayed as mean ± SEM.
Measuring the Adhesive Strength of Alginate-Catechol In Vitro. Microfluidic devices were fabricated by rapid prototyping in polydimethylsiloxane. The channels were coated with fibronectin overnight, and then the device was filled with 100 μL of human umbilical vein endothelial cells (HUVECs; 500,000 cells/mL) in growth media and incubated for 3 h. Growth medium was then flowed through the device overnight at 0.5 μL/min. To deposit the gel, a catheter was inserted into the device, and 0.8-1 μL of the gel solution was injected, coated onto the channel, and allowed to gel for 20 min. To measure the adhesive strength of the coatings, growth medium was flowed through the device at rates between 0 and 50,000 μL/min. The gel coverage was quantified from fluorescence images using a microscope. The ex vivo adhesive strength of the alginate-catechol to bovine carotid arteries was measured in a lap-shear tensile strain test using an Instron 5542 single column testing system. The gel solutions (100 μL) were injected between two parallel plates, one presenting the inside surface of the bovine artery. Force was measured as the plates were slid away from each other at 3.3 μm/s, and adhesive failure occurred between the gel and bovine carotid. old at the time of surgery and had been kept on a high-cholesterol diet (Harlan Laboratories) since 8-10 wk of age. The mice had substantial plaque growth at the time they were initially treated. A fluorescent substrate for proteases in atherosclerotic plaques, Prosense 680 or Prosense 750 (2 nmol; Visen), was added 18-24 h before surgery to visualize the plaque. In each mouse, the common carotid artery (CCA), internal carotid artery (ICA), and external carotid artery (ECA) were isolated and temporarily ligated with sutures. The gel was deposited in either the CCA (data in Fig. 2 and Figs. S2-S6 and S8) or the ICA/ECA bifurcation (data in Figs. 3-5 ). See SI Materials and Methods for a further description of surgical procedures. For deposition of gel on plaques in the ICA/ECA bifurcation, a small hole was made at the anterior wall of the CCA using a 31-gauge needle, allowing the catheter to be inserted into the CCA, moved to the plaque, and secured. The gel was injected and allowed to cross-link while the catheter was in place for 30 min. The hole at the CCA anterior wall was closed with suture, and all of the ligations were released to restore blood flow. The presence of the gel was confirmed using an Olympus OV110 Small Animal Fluorescence Imaging System, and then the surgical wound was closed. After a specified time, the gel was reimaged, and serum and carotid arteries were collected for histological, cytokine, and qRT-PCR analysis.
Releasing Small Molecules from Alginate-Catechol. Dexamethasone (0.5 mg) was dissolved in 50 μL of gel and submerged in 5 mL of PBS. The amount of dexamethasone released from the gel was measured using HPLC and ELISA (Fig. S9) . To test whether small molecules could be released from degradable particles blended into the gel, a fluorescent dye, BODIPY, was incorporated into PLGA particles (2-25 μm) and blended with alginate-catechol before gelation (see SI Materials and Methods for details). In vitro, the amount of BODIPY released from the particles and gel into PBS was measured using a fluorometer. In vivo, the release of BODIPY was detected by analyzing fluorescence in histological sections at the vessel wall near particles in the gel (Fig. S9 ).
